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ABSTRACT 

This paper  presents  some  recently  developed " I C s  based on a  0.1-pm  gate-length  InAlAs/InGaAs/InP  HEMT  process  with  an 
fmm above  600 GHz. InP-based HEMTs provide  more  power  gain  and  lower  noise  at  htgher  frequencies than any  other  transistor. 
including  &As-based  pHEMTs. A number  of  state-of-the-art InP HEMT " I C s  will  be  presented. This includes  a  150-205 GHz 
amplifier  with 15 dB of gain,  a  broadband  60-140 GHz amplifier  with  25mW  output  power  at  140 GHz, a  high  gain  Ka-band LNA 
and  static  ftequency-divider  circuits  operating at clock  rates  above 45 GHz. The  high  frequency  performance  of  a  next-generation 
0.08-pm-gate WAsSb/inAlAs/InGaAs/InP HEMT  technology  will also be presented 

INTRODUCTION 

Spurred by  demanding  mdlimeter-wave  applications, InP- 
based HEMT technology  has  progressed  to  the  point  where 
200-GHz  active  integrated  circuits  are now practical.  The 
unmatched  high-frequency  performance  of  these  devices, 
harnessed by advanced " I C  designs,  makes  them  an 
outstanding  choice  for  numerous  emerging  systems  such as 
Ka-band  satellites,  high-speed  fiber  optic  links and millimeter- 
wave imagers  and  sensors.  The actvantage  of the InP-based 
HEMT stems  directly  from  lattice  compatibility  between  the 
InAlAs/InGaAs heterostructure  and  the InP substrate,  which 
allows  higher  indium  content  in  the  channel (53-80?40) for 
increased  electron  mobility  and  saturation  velocity.  The  large 
conduction  band  discontinuity  at  the AlInAs/InCaAs interface 
produces  a  high  sheet  charge  density and strong  confinement 
of  electrons  in  the  channel. This superior  electron transport 
results  in  higher  transconductance,  higher  gain-bandwidth  and 
lower  noise  figure than comparable  GaAs-based HEWS [l]. 
I n P  HEMTs also  exhibit  excellent  low-voltage  operation, 
which  allows  them  to  equal  the RF performance of the best 
GaAs  device  with  one  fourth  of  the  dc  power  dissipation. 
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Fig. 1. Material profile for the O.lym-gate InP HEMT. 

h P  HEMT TECHNOLOGY A I D  MMIC  EXAMPLES 

Thxs paper  presents  several " I C s  that  demonstrate  the 
unique  capabilities of submillimeter-wave InP HEMT devices 
in  numerous  applications  spanning  the  range  of  1-200 GHz. 
The  HEMT  technology  employs  the  material  shown  in  Fig. 1, 
which  is  an I n A l M G a A s  heterostructure  grown by MBE on 
a 3" InP substrate.  The  composite ~ . 8 0 ~ . 2 0 A s / I n p  channel is 
psuedomorphic  due  to  the hlgh indium  mole  fraction,  and  is 
silicondoped on  both  sides  to  achieve an electron  density of 
4 ~ 1 0 ' ~  cm" and  mobility  greater than 10,000 cm2/V.s.  The 
htgh-resistivity In,,52A10.48As buffer  layer  reduces  the  output 
conductance  and  results  in HEMTs with  both  high f T  and fmm 

values.  The HEWS are  fabricated  using a planar  process  with 
boron  ion  implantation  for  device  isolation. AuGe/Ni/Au alloy 
is used  for  the  source  and  drain  ohmic  contacts,  which  have a 
typical  resistance of 0.lQ mm, T-gates  with  either  0.1-  or 
0.12-prn  length  are  formed by Ti/Pt/Au metallization and the 
exposed  device is passivated  with  a 500-A layer of Si3N4. 
Airbridge  interconnections  and  plated  transmission  lines  use  a 
1 .5-pm layer of gold  fabricated by a liftoff process. 

The  HEMT  devices  exhibit  typical  dc  transconductance of 
950 mS/mm  with a full channel  current of 700 mA/mm and 
gate-drain  breakdown  voltage of 5 V. RF transconductance  is 
greater than 1100  mS/mm  with an  extrinsic  current  gain  cutoff 
frequency f T  above  250 GHz. On-wafer  measurement  of  a 
150-pm-wide  device  from 1-1 10 GHz suggests  a mximum 
frequency  of oscillationf,, in  excess  of 600 GHz [21. Tlus 
figure of merit  is M e r  confirmed by " I C  amplifiers  that 
have  demonstrated  1O-dB  of  gain  per  stage  at  142 GHz [3]. 
With  smaller  gate  peripheries,  broadband  gain  can be realized 
at  very  high  frequencies as demonstrated by the  150-205 GHz 
amplificr in  Fig. 2. This  G-band "IC uscs eight  stages  with 
a tofu/ gate  periphery  of 144 pm and  achieves a flat 1 7 s  dB 
gain  response  (Fig. 3) dnwing 59 mA dc  from  a I .5V supply. 
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Fig. 2. G-band (150-205 GHz) amplifier  using  eight  stages 
of 18 x 0.1  pm2 InP HEMTs, die sue 1.1 mm2. 

Fig. 3. Gain  response of the Gband amplifier: 17f2 dB 
across  150-205 GHz. 

Amplifiers  of this type have  near-term  applications in remote 
atmospheric  sensing as well as emerging  automotive radar and 
ultra wideband  communications  systems.  While  the  noise 
figure of this amplifier  has  not  yet  been  measured, MMIC 
LNAs  fabricated in this HEW process  have  demonstrated 
record  low  noise  performance at W-band A four stage  LNA 
exhibits  an  average  noise  figure of 2.5 dB at room  temperature 
and 30 dB gain  across  the 76-96 GHz band [4]. W-band  LNAs 
have  been  produced  in sigdicant volume at HRL with an RF 
yield of approximately 70%. In addition to low  noise  figures, 
the  high  channel  current  and  large  breakdown  voltage  afforded 
by this HEW technology  allows  power  amplifiers to be 
designed  for  frequencies  up  to at least 140 GHz, with output 
drive  capability  more  than  double  that of comparable InP 
HEWS demonstrated  in this frequency range [5]. An example 
is the 60-140 GHz  medium  power  amplifier  shown in Fig. 4. 
Tlus MMIC uses  three  stages of InP HEMTs and  two-device 
power  combining  for  a  broadband  response  with  a  total  output 
periphery  of  320 p.m. Power  gain across  the  whole  band is 
12k2 dB. with  an  output  power  of 25 mW available  from 100 
to 140 GHz. The  total  dc  supply  is  220 mA at V, = 2V. 

Fig. 4. Broadband InP HEMT medium-power  amplifier 
with 12f2 dB gain from  60-140 GHz. 
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Fig. 5. Large-signal RF performance of the  60-140 GHz 
amplifier: 25 mW output  power from 100 to 140 GHz 

The hgh transconductance  and  small  resistive  parasitics 
that  are  critical  to acheving high fmm also lead  to  very  low 
noise  figures  and  high gain at  lower  frequencies.  For 
applications llke LEO/GEO  satellite  systems,  LMDS  and  24- 
38 GHz radio links this means that InP HEW "ICs 
achieve  superior  performance  with  lower  power  dissipation, 
fewer  amplification  stages.  smaller  size  and  reduced chp 
count  and  assembly  costs. This is  especially  advantageous  for 
dense  antenna  arrays  such as in  Ka-band  satellite  systems and 
multifunction common  apertures  (e.g.  simultaneous  sensing 
and  communications). An example of I n P  HEMT performance 
is the  Ka-band  LNA  illustrated  in  Fig 6. This four-stage  tuned 
amplifier  achieves  a 1.2kO.2 dB noise  figure  and 40- dB gain 
over  the  entire  Ka-band  from 26 to 40 GHz, using 60 mW dc 
power [6]. For  the  same  dc  power,  the InP HEMT LNA  attains 
20 dB more gain and  equal  or  lower  noise  figure than the best 
GaAs-based  Ka-band  LNAs. 

Fig. 6. Four-stage  high gain Ka-band LNA using  100-pm 
InP HEMTs, 1.4 mm2 die sue, 60 mW  dc  power. 

Fig.  7.  Full-band  performance of the 4-stage Ka LNA. 
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Thc h ~ g h  /;. of  thc InP HEMT dcvicc  makcs it wcll suitcd 

Tor broadband  circuits  such as thosc  critical to lightwavc 
intcrbccs and  olhcr  high-spccd  nclwork  clcmcnts.  Fig. X 
illustrntcs thc >200 GHz pin-bandwidth achicvcd by a simplc 
amplilicr  comprising two cascadcd 5 0  Y 0 .12pn'  InP  HEMT 
dcviccs with inductivcly-pcakcd  rcsistivc  loadmg  [71.  Thc 
total  dc  currcnt is 15 mA at V,ls = 1V. With 12 dB gun From 
1 0 0  MHz to ovcr 5 0  GHz and a mcasurcd  Ka-band  noise 
figurc  of 3-3.8 dB, this  circuit  cqullls thc pcrformancc of 
KEMT and HBT dstributcd mplificrs with an  ordcr OF 
magrutudc  lowcr  dc  powcr  dissipation. 
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Fig. 8. Broadband,  two-stage Iap HEMT  LNA  exhibits 
distributed-amplifier  performance  with only 15  mW  dc 
power. Gain is 12 dB from  1 to 50 GHz, Ka-band noise 
figure 3.5 dB. 

HighI;. also benefits  digital  circuits,  such as the  binary  static 
divider  shown  in  Fig. 9. Static  dividers (T flip-flops)  are 
fundamental  high-speed  logic  building  blocks,  and  their 
performance is an  accurate  metric for the speed of the  device 
technology.  Integrating  dlgital  circuits  into  millimeter-wave 
" I C s  is the  next  step  in  improving  the  performance  and 
lowering  the  assembly  cost of subsystems  such as PLL 
frequency  synthesizers.  The  example  divider is fabricated  in 
the  same  technology as the  previous " I C s ,  and  employs 
small-periphery InP HEMTs in  a  capacitively-enhanced FET 
logic  scheme [SI. Microwave  impedance  matching  and  tuning 
techniques  were  used  in  design for optimum  high-speed 
performance. This 1:2 divider has successfully  operated at a 
clock  rate of 47.2 GHz in  preliminary testing whch makes  it 
the  Fastest  FET static  divider  reported to date 191, 

Fig. 10. Nest-generation InP HEMT  using an AlInAsSb 
Schottky  barrier  layer and O.08ym T-gate. 

NEXT-GENERATION Inp HEMTs 

New HEMT material  systems  are also being  developed 
at HRL to  push  the f r  and fmm beyond  the  limits of the InAlAs/ 
InGaAs  technology.  One such improvement is the  InAlAsSb 
Schottky  layer.  which  has a  wider bandgap (1.9eV  vs.  1.5eV) 
than  the  conventional I n A l A s .  This creates  a  larger  channel 
conduction  band  discontinuity  and  a  higher  Schottky bamer at 
the  gate,  resulting  in  a  device  that can achieve hgher current 
density  and  transconductance  and  sustain  higher  breakdown 
voltage. Shortchannel effects  (e.g.,  weak  pinch-off.  high 
output  conductance)  are  also  alleviated,  allowing  the  gate 
length  to be scaled  down  even  further  to  obtain  higher f r  
without  degrading fmar Figure 10 illustrates  a HEMT with  a 

on an InGaAs channel with 60% indium  content.  Devices  with 
0.12-pn and 0.08-pm gate  lengths  have  been  fabricated on 
this structure  with  promising  results.  Figure 11 illustrates  the 
dc  transconductance  characteristics of a 100 x 0.12 p m 2  

HEW, which  achieves  a  maximum  current  density of 850 
mA/mm and  a  peak  transconductance of  1220  mS/mm at 1V 
dram-source bias.  These  figures  are,  respectively, 20 and  10% 
higher  that  the best values  obtained For similar HEWS with 
InAlAs  Schottky bamers  [lo]. 

composite ~ . 3 ~ ~ 0 . 6 4 ~ . 8 4 ~ b o . l d I n O . 5 2 A 1 0 . 4 8 1 1 s  Schottky  layer 
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Pig. 9. 47 GIiz 1:2 static  frequency  divider  using 0.12-pm 
InP HEMTY. 

Fig. 11. DC transconductance of the  InAIAsSbnnAIAd 
InGaAdJnP HEMT. 
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Fig. 12. High-frequency performance of a 100 x 0.08 pm’ 
InAIAsSb“ HEMT at Vds = 1.5 V, Ids 
= 500 mA/mm. Preliminary  data from 140-220 GHz 
predictsf~ m d f -  in excess of 300 GHz. 

High kquency measurements  have  been  made  on 0.08-pm- 
gate  devices  which confirm that  the RF performance of  the 
device is not  sigtuficantly  degraded ly short  channel  effects. 
Figure  12  shows  the  maximum stable gain ( M S G M G ) ,  
current gain hZl  and  5(Kz  transducer gain for a  device  with 
100 x 0.08 p n 2  gate biased  at  V,=lV,  1~=20OmA/mm. 
Calibrated  measurements  were made on-wafer using two HP 
8510  network  analyzers,  one  operating up to  50 GHz and the 
other from 140-220 GHz. The  extrapolated gain and high- 
frequency data indicate  that  both f r  and ftMI of the  device 
exceed  300 GHz, the  combination of which is among  the 
highest  reported  values  for  any  three-terminal  device [l I]. 
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